The research landscape in many areas of science has migrated toward increasingly large collaborations with the work done over long time periods, making it ever more challenging to involve undergraduates in cutting-edge projects. We describe our 19-institution collaboration founded to promote undergraduate research and faculty development within the context of an astronomical-survey project, discuss its efficacy, and summarize how this model may be applied to other large-scale research projects.
Introduction
Astronomy is experiencing a revolution in the wealth of data provided by modern satellites, new telescope technology, gravity wave interferometers, high-performance computers, and large "legacy" surveys of the sky.* This has led to the discovery of thousands of extra-solar planets, the presence of water on Mars, and explosions so powerful they give out more energy in a second than the sun gives out over its entire lifetime. We have learned that the universe is expanding faster and faster as time passes and, amazingly, we have determined precise details about the conditions of the universe when it was only 0.003 percent of its current age.
Several ongoing major astronomical surveys have produced data for millions of galaxies (e.g., York et al. 2000) , stretched over distances so vast that the light from some of the farthest has traveled for billions of years to reach our telescopes. The planning and development of the next generation of telescopes (Astro2010 Committee 2010) indicates that the coming decades will bring even greater discoveries. It is truly an exciting time for astronomers and those students, graduate and undergraduate, contemplating a career in astronomy, physics, or other STEM (science, technology, engineering, and mathematics) disciplines.
Despite a common desire in many children and younger people to explore the natural sciences, something about the experience of studying science in our schools seems to alienate them, and the performance of middle school and high school students in science and mathematics education in the United States has lagged behind the top international performers (Martin et al. 2012; Mullis et al. 2009 ). A few high-achieving undergraduate students retain their fascination for the natural sciences and do manage to get involved in scientific research, but often not until their last year of college. As CUR has emphasized, however, the undergraduate research experience is a high-impact pedagogical practice that should be available to as broad a range of students as possible (Kuh 2008; Rowlett, Blockus, and Larson 2012) .
A particular challenge, then, is how to attract and engage students in the sciences early in their college careers and provide them with an accessible, yet challenging and intellectually satisfying, experience in scientific research. In the context of large, long-term projects, an additional challenge is how to involve them in the project as a whole, so that they can see the scope of the project rather than being limited to small technical side projects. Here we present one example of how the major ALFALFA survey has been designed to involve meaningful participation by undergraduates.
The ALFALFA Survey Project
The Arecibo Legacy Fast ALFA (ALFALFA) survey (Giovanelli et al. 2005 ) was designed to examine clouds of atomic hydrogen gas in galaxies outside our own, revealing the raw material out of which stars form and allowing us to trace the presence of dark matter. The survey covered an area of sky equivalent to 28,000 moons and used the Arecibo 305-m radio telescope at the National Astronomy and Ionosphere Center (NAIC), located near Arecibo, Puerto Rico. This telescope is the world's largest single aperture radio telescope (about the size of 26 football fields). Incorporating new technology such as the Arecibo L-band Feed Array (ALFA) receiver (the first multi-pixel radio camera to be used in conjunction with the size and power of the Arecibo dish) allowed ALFALFA team members to conduct an enormous survey in just seven years that otherwise would have taken fifty years to complete. The ALFALFA Team is a group of faculty and students from a diverse set of 19 institutions (see Table 1 ).
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uarterly the first survey to cover enough of the overall sky to locate a significant sample of relatively rare, very massive galaxies simultaneously with hard-to-detect faint dwarf galaxies. In effect, it is the first "cosmologically significant" survey of hydrogen-bearing galaxies ever conducted. Thus far, the payoff has been substantial, producing more than 84 refereed journal articles by scientists participating in the survey. The ALFALFA survey is truly "big science."
The Undergraduate ALFALFA Team
From the outset of ALFALFA, the leaders of the project, Riccardo Giovanelli and Martha Haynes at Cornell University, sought to open the project to undergraduate participation. The Undergraduate ALFALFA Team (UAT) was conceived in 2004 by a small group of faculty members from several New York and Pennsylvania undergraduate liberal arts institutions, plus the University of Puerto Rico. One-day workshops were hosted at Union College in Schenectady, New York, which introduced attendees to ALFALFA and the possibility of working on related research while maintaining positions at primarily small, somewhat isolated undergraduate institutions.
The undergraduate team obtained funding from the National Science Foundation from 2007 to 2012 through a three-institution collaborative grant to Union College (principal investigator Rebecca A. Koopmann), Colgate University (principal investigator Thomas Balonek), and Georgia Southern University (principal investigator Sarah Higdon). The team then included 14 institutions across the United States and Puerto Rico. In its second phase of funding, between 2012 and 2016 through funding to Koopmann, the UAT expanded to 19 institutions: ten private colleges and universities, six public universities, and three research institutions (see Table 1 ).
Careful thought was given to the challenges of connecting isolated researchers in small-college environments, yet effectively involving their undergraduates in a large research collaboration. The team identified several priorities: (1) communicating a basic understanding of radio astronomy and extragalactic astrophysics to students with little or no class preparation, (2) providing resources for faculty and students to obtain computers and travel funds to support research, (3) identification of undergraduate-appropriate research projects, and (4) demonstration of modern collaborative science.
The cornerstone of the UAT is an annual workshop, which has been held every January between 2008 and 2015 at the Arecibo Observatory in Puerto Rico. There is no better way to instill enthusiasm for radio astronomy than to send students to the Arecibo Observatory. The workshop provides an overview of the ALFALFA scientific work, as well as training in research methods, as it nurtures peer and mentor collaboration. Teams of undergraduates and faculty members engage in active group projects (known as "scavenger hunts"), overnight observing using the Arecibo telescope, hands-on data analysis, and presentations of results. In fact, however, the activities actually begin in the months preceding the workshop, with student teleconferences designed to introduce background material and scientific motivation. The immersive workshop experience encourages students to then pursue ALFALFA research projects on their home campuses, and, in fact, 80 percent of participants have gone on to complete at least one independent research project using UAT research funds or institutional resources. The UAT faculty members are also reinvigorated by the project; the workshop provides a huge boost of energy and sense of community.
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Beyond the January workshop, on-site observing sessions provide additional opportunities for students to visit the Arecibo Observatory. Coordination with schedulers allows observing runs during Thanksgiving and spring breaks so that faculty and students miss no classes. Aside from the wow factor, the trips are intensive training opportunities in which undergraduates learn how to operate the largest radio telescope in the world. As one student remarked, "This is the coolest thing I've ever done."
Since the conclusion of the ALFALFA survey in 2012, UAT faculty have collaborated with ALFALFA principal investigators to write their own proposals to perform targeted follow-up observations, both at the workshops and during the on-site observing runs each semester, to identify and characterize the most exciting ALFALFA sources (for example, galaxies with plenty of gas, but few or no stars, and super-powerful microwave laser candidates formed during galactic collisions). Once faculty members have on-site observing experience, they can conduct additional observing runs remotely from laboratories and classrooms at their home institutions, allowing more students on campus to participate.
During summers and throughout the academic year, faculty mentors supervise undergraduates on intellectually engaging research projects associated with the ALFALFA survey. Funds to purchase computers dedicated to ALFALFA research have facilitated these projects, particularly at institutions unable to provide research computers for their faculty. Table 2 (of the total of 280 research projects). Summer students make presentations to the UAT collaboration through an annual summer teleconference (in addition to the presentations at conferences mentioned below).
For many students, the culmination of their research is the opportunity to present at national meetings such as those of the American Astronomical Society (AAS). Fifty-nine students have presented first-author posters at the AAS, with many others participating as coauthors or presenting at other meetings, including those of the American Physical Society, the National Society of Black Physicists, the Astronomical Society of New York, and Conferences for Undergraduate Women in Physics. Almost all student researchers have presented at on-campus venues. Some have been coauthors on collaborative papers published in The Astronomical Journal or The Astrophysical Journal (e.g. Cannon et al. 2011; BernsteinCooper et al. 2014; Cannon et al. 2015) .
A breakdown by student researchers' academic years is provided in Table 3 . 
Educational Outcomes
We measure the effectiveness of the program partly through the paths taken by each student in the program after she or he graduates. Additionally, in the last three years, our external assessor has gathered data in the form of anonymous surveys of four groups-students who attended the January workshop, students who observed at Arecibo, faculty involved in UAT, and student alumni (from all years) of the UAT program. The student surveys were adapted from the Survey on Undergraduate Research (SURE; Lopatto 2008), which identifies and measures a number of benefits expected from students' participation in research.
So far, more than 250 students have participated in the program over eight years, with women making up about 40 percent of participants. In the last three years, 30 percent of participants in workshop and on-site observations were Hispanic/Latino students and eight percent were AfricanAmerican students. Participating students are chosen in a variety of ways at their home institutions. Most have taken physics, but there are no specific academic requirements for participation; the open, usually non-competitive opportunities for students to join UAT may enhance the involvement of underrepresented groups. A few participants have even been advanced high school students enrolled in college courses. Many students stay involved over multiple years and work on more than one project, often serving as mentors to their younger colleagues. UAT faculty members have supervised 159 summer research projects and 121 academic-year projects. These have led to 59 presentations at major national conferences (such as the AAS) and countless others at ALFALFA workshops, local conferences, and college research symposia. Many UAT alumni are enrolled in STEM graduate programs, with almost 90 percent pursuing a career in STEM fields (see Table 4 ). Results from surveys are overwhelmingly positive. For example, three years of surveys of workshop participants found that a great majority of students (89 percent) were "very satisfied" with the overall experience. Most (81 percent) felt that the workshop was helpful in clarifying their career paths, and 77 percent indicated that their experience at the workshop increased their interest in the STEM fields "a lot." Most students also reported large or very large gains in learning to work collaboratively (83 percent) and in becoming part of a learning community (77 percent). Responses are similar for surveys of on-site Arecibo observations. Students described the experience as "very educational and enjoyable," "incredible," and "amazing."
One student wrote that "one of the most important [aspects] of the experience is the opportunity to actually get to see what having a research life might be like." Another said, "Please continue to make these available for students. They are a great opportunity and are life-changing!" A full 100 percent of these students said they "definitely" planned a career in a STEM field. Surveys of participants in workshops and observation visits have also found near-significant trends toward greater gains in areas such as self-confidence in a scien-SUMMER 2016 • Volume 36, Number 4 tific setting, for female students, and gains in areas such as, self-confidence in a scientific setting, learning about scientific measurement, and increased interest in STEM fields, for students from underrepresented racial/ethnic groups.
Importantly, UAT alumni report that their experience provided the confidence and connections they needed to make decisions concerning their future lives, with 75 percent reporting that the ALFALFA experience encouraged their interest in research "quite a bit." Specific comments included: "The program gave me more confidence in my ability to succeed as a scientist"; "Presenting my work at the workshop, specifically, was hugely helpful to my academic confidence"; and "It opened a ton of doors to me at a time when I was ready to learn and explore."
Another outcome has been the impact on the professional development of UAT faculty, who might otherwise be isolated at their home institutions. The importance of having professionally engaged teaching faculty who belong to "communities of practice" is well documented. As Etienne Wenger wrote in 1998, "… teachers need to 'represent' their communities of practice in educational settings. This type of lived authenticity brings into the subject matter the concerns, sense of purpose, identification, and emotion of participation. … The principle suggests that being an active practitioner with an authentic form of participation might be one of the most deeply essential requirements for teaching." (Etienne Wenger 1998).
Specifically, faculty in the UAT report several different advantages to the collaboration. Said one faculty member, "Since I have a very heavy teaching load, only this collaboration is keeping me alive as a research astronomer. It's vitally important." Another said, "I come from a major research institution and am ALFALFA co-lead. It's a long slog to stay engaged at such an intense level for so many years. Being involved in the UAT is very satisfying, because of their enthusiasm and the realization that ALFALFA is making a difference to so many people." Said another participating faculty member, "Our high-performing scholarship students thrive on being challenged and would not have been able to participate in any significant research experience without ALFALFA. All three of my current students plan to attend graduate school."
For many of the UAT institutions with smaller departments, the impact has been even more dramatic. A faculty member from St. Lawrence University summarized the impact this way: "Before ALFALFA, no SLU student had gone on to graduate school in astronomy [since I came here in 1988]. Since engaging with ALFALFA, four students have gone on to graduate school in astronomy. … It's a fantastic program that has really enriched astronomy at undergraduate institutions." At Hartwick College, physics students had been involved in research only for their senior thesis during the winter or spring of their final semester. Since Hartwick joined ALFALFA, however, many younger students have been involved, and all six who have done ALFALFA summer research projects have gone on to present at national conferences, earn college research prizes, and attend graduate school in a STEM discipline. The spark of collaborative research spread throughout the Department of Physics, and all faculty members now collaborate with freshmen and sophomores regularly.
Lessons Learned
In looking back at a decade of the UAT, we see a variety of sources of our successes, as well as lessons learned along the way.
It is to our advantage that the physics associated with obtaining information from the atomic hydrogen spectral line is actually quite simple, so that students have an intuitive picture of what the data mean. The fact that we use data from the largest telescope in the world also helps spur interest. During remote observing sessions at our small and often rural campuses, participants report students from classes invited to "stop by" the session can be truly amazed to see their professors and fellow students operating a major telescope an ocean away from where they stand. An additional advantage for us is the sheer amount of data associated with the survey (over 800 observing runs and nearly 5,000 hours of telescope time), hence observing by undergraduates has made a significant contribution toward the completion of the ALFALFA survey and ongoing follow-up projects.
Nonetheless, it is clear that the success of the program hinges more than anything else on the dedication of people in two key positions. The leaders of the ALFALFA survey, especially Martha Haynes at Cornell University, are deeply invested in the UAT aspect of the project, interacting closely with the UAT principal investigators and participating in many of the UAT events. Similarly, the leaders of the UAT, especially Rebecca Koopmann at Union College, devote much of their professional energy to running the program.
A second lesson is the importance of regular communication
Dr. Rebecca Koopmann (Union College-leader of the UAT) and two of her students Lucas Viani (left, currently at Yale University) and Wyatt Smith (right, currently at Stanford University) are seen here at an overlook point of the "World's Largest Radio Telescope" at Arecibo Observatory. The area of the dish is about the size of 26 football fields and is used by the Undergraduate ALFALFA Team to study the gas content of galaxies that are up to 800 million light years away.
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uarterly and events to the coherence of the program. Besides the annual workshop at Arecibo, we have monthly teleconferences for all UAT faculty members, a summer research teleconference for faculty and students, and groups that meet regularly for observing and planning to attend conferences. To ease communication among the institutions, we have both a public web site (egg.astro.cornell.edu/alfalfa/ugradteam/ ugradteam.php) and a private Google site that we can all use to upload background information, computer programs, sets of instructions for observing routines, and data-analysis procedures. Having very well-documented and easily accessible information allows participants to build efficiently on previous work.
The strong backbone of infrastructure and dedicated project leaders allows flexibility in how individual UAT faculty members can participate in the program. Faculty can choose when and if to take on summer research students, help with observing runs, and attend workshops. We believe this flexibility has contributed to the longevity of the program.
We continually work to improve the annual January workshop, increasing its efficiency and the impact it has on the faculty and students involved. Several years ago, the workshops were modified to include "advanced sessions," which operate parallel to the more basic sessions aimed at students and faculty traveling to the observatory for the first time. The advanced sessions expand the knowledge of faculty members and advanced students and allow planning future courses of action. We also recently added student presentations of group-project results to the schedule. During the day, teams of students with at least one returning faculty member perform research involving Arecibo data and other astronomical databases and then present their results as a team in the evening. The teams have worked with a greater sense of urgency since the addition of the nightly presentations.
Applying this Model to Other Projects
The UAT model has been effective in one astronomical survey, but we believe it could be adapted to fit any large scientific collaboration. We have several pieces of advice.
1. At least two core leaders are necessary. One would coordinate activities such as workshops, scientific observations, and participation in national meetings. The other should be a core member of the major research project. This person must recognize the importance of extending undergraduate research beyond his or her home institution and in broadening participation among students from diverse backgrounds. This person should also have a sense of what undergraduates and faculty members with heavy teaching loads are capable of contributing. This person provides the expertise to suggest projects and coordinate the efforts to distribute the work across the collaboration.
2. The background requirements for collaborating faculty members can be very flexible. We identified UAT collaborators through existing personal connections, initially through geographical proximity to Cornell University and participation in the Astronomical Society of New York, a state-wide society for professional astronomers. Geographical proximity is an advantage when funding is limited. The most important qualification of participating faculty is not their scientific specialty, but their willingness to learn and contribute. Our faculty members had a range of expertise.
3. The level and types of participation for collaborating faculty can be very flexible. This allows members to stay in the collaboration through periods of heavy administrative and teaching duties, and responsibilities that preclude extensive travel.
4. The level of knowledge and types of particiation for students are also flexible. Some participate peripherally by helping out at observing sessions or writing some computer programs, while others make significant contributions through summer and/or academic year research projects, many of which serve as "capstone" experiences required for their degrees and lead to refereed publications.
5. Our NSF funding has made possible our transformative workshop and observing experiences at a national observatory, as well as summer research and conference presentations for a large number of students. This has been invaluable for faculty at institutions with limited local resources. With more limited funding, many aspects of the model could still be applied, especially for existing scientific projects, particularly when work can be done remotely via teleconferencing. For example, small local workshops are possible with little funding, and many small colleges do provide research and travel funding for limited numbers of students.
Final Thoughts
We emphasize that the effectiveness of our program is bolstered by the recognition that participation by undergraduates can be truly useful to the health of a major long-term research project. In our case, a major example is data collection; although it takes a significant effort to train faculty and students, this has paid off in a project that requires many hours of observing time. In addition, graduate students participate in the UAT through training faculty and undergraduate members and in the process the students gain experience, connections, and confidence that help them in their careers. It also true that many granting agencies require not only strong scientific goals of grantees, but also evidence that supported projects have a broader impact on their fields. The UAT provides a strong, demonstrable impact on science education.
It is also worth noting that members of the project are not strong-armed into being involved with it. The fact that no one feels pressured to participate beyond what works for him or her creates a healthy environment in which students can learn the excitement and value of collaboration, along with specific information and technical skills.
In conclusion, we feel that we have found a meaningful way for undergraduates, even at small isolated institutions, to be involved in major long-term research-a way that makes them part of the academic community, helps them learn useful skills, and allows them to see for themselves the Big Picture behind Big Science. 
Parker Troischt

